Despite increasing evidence that the fornix is important for memory, uncertainty remains about the exact nature of subsequent impairments arising from damage to this tract. This uncertainty is often created by pathology in additional brain structures. The present study involved a young man, DN, who had almost complete bilateral loss of the rostral columns of the fornix and much of the surrounding septum in the left hemisphere following the surgical removal of a cavernous angioma. Quantitative MRI analyses of structure size, normalized to intracranial volume, showed no difference in any of the additional brain regions measured, apart from those areas removed to expose the tumor. DN showed a marked, stable anterograde memory impairment that was still present 4 years postsurgery. In contrast, DN performed within normal levels on most tests of recognition memory. This sparing was most striking when given a 24-hr delay between study and test of the Warrington Recognition Memory Test. This recall/recognition dissociation provides further evidence for neuroanatomical divisions within recognition memory processes.
Although there is growing agreement that fornix damage can severely disrupt memory, there remains much uncertainty about both the causes and the nature of this memory loss. Resolving these uncertainties is important as the fornix is the major link connecting the hippocampal formation with both subcortical structures and the prefrontal cortex. Consequently, models of how the hippocampus interacts with these other regions to support memory need to include predictions about the importance of the fornix for memory.
Damage to the fornix only occurs rarely, and findings on the consequences of tract damage on memory come from diverse conditions. Although some studies refer to the removal of colloid cysts in the third ventricle (Aggleton et al., 2000; Cameron & Archibald, 1981; Gaffan, Gaffan, & Hodges, 1991; Gilboa et al., 2006; Hodges & Carpenter, 1991; McMackin, Cockburn, Anslow, & Gaffan, 1995; Poreh et al., 2006; Sweet, Talland, & Ervin, 1959) , others are single case reports of various aetiologies, including other classes of tumor (Calabrese, Markowitsch, Harders, Scholz, & Gehlen, 1995; Heilman & Sypert, 1977; Tucker, Roeltgen, Tully, Hartmann, & Boxell, 1988; Yasuno et al., 1999) , the effects of infarcts (Park, Hahn, Kim, Na, & Huh, 2000) , traumatic injury (D'Esposito, Verfaellie, Alexander, & Katz, 1995) , and surgery for an arterio-venous malformation (von Cramon & Schuri, 1992) . In none of these conditions is the pathology confined to the fornix as complications arise from ventricular dilation (e.g., in the case of colloid cysts), from invasion by the tumor into other regions, from the tissue lost in gaining surgical access to the fornix region (e.g., for tumor removal or arterio-venous malformations), or a combination of the above. To identify the specific effects of fornix damage it is, therefore, necessary to combine information from multiple cases with multiple aetiologies.
One apparent area of disagreement concerns the effects of fornix damage on recognition memory. Although some studies appear to show a relative sparing of recognition when compared to the loss of the recall of episodic information (Aggleton et al., 2000; Hodges & Carpenter, 1991; McMackin et al., 1995) , this dissociation has not been noted in other studies (Calabrese et al., 1995; D'Esposito et al., 1995; Heilman & Sypert, 1977; Park et al., 2000; Poreh et al., 2006) . Understanding why some cases might show a sparing of recognition memory is important as different models of hippocampal function make very different assumptions about the nature or even the existence of this dissociation (e.g., Aggleton & Brown, 1999; Squire, Wixted, & Clark, 2007) . According to some, the hippocampus is critical for relational processing, such as forming contextual associations, whereas aspects of recognition, such as specific item information, can be supported by the parahippocampal region, and the perirhinal cortex in particular (Diana, Yonelinas, & Ranganath, 2007; Eichenbaum, Yonelinas, & Ranganath, 2007) . These views contrast with alternative theories that postulate that recollective and familiarity components of memory in fact correspond to strong and weak memory traces, respectively. Within this framework, the hippocampus and surrounding cortices all support recognition memory such that any dissociations seen between recognition and recall do not indicate separate memory systems but a preservation of "stronger" memories (e.g., Squire, Wixted, & Clark, 2007) .
A consideration of those bilateral fornix cases with an apparent sparing of recognition memory reveals that they all concern the removal of colloid cysts (Aggleton et al., 2000; Hodges & Carpenter, 1991; McMackin et al., 1995 ; although see Poreh et al., 2006) . In contrast, those studies reporting a clearer loss of both recall and recognition arise from other types of tumor or other aetiologies. This apparent distinction suggests a possible difference in either the extent of fornix damage or the involvement of other structures in these conditions. Determining the anatomical basis of this sparing of recognition memory requires, therefore, a comparison of detailed structural and volumetric data from multiple brain regions across cases. Unfortunately, no such information has been provided in any previous study of fornix pathology.
In response to these shortcomings we examined the cognitive status of a young man who had a cavernous angioma that extended ventrally from the anterior horn of the left lateral ventricle to the most posterior part of gyrus rectus. A consequence of its surgical removal was the almost complete loss of the rostral columns of the fornix and much of the septum. His neuropathology status postsurgery was estimated from quantitative volume estimates of multiple brain sites. Initial psychometric testing also indicated that despite marked memory problems his recognition memory sometimes appeared near-normal. This apparent sparing prompted a more detailed analysis of his memory, including the use of recognition tests that are sufficiently demanding to avoid any possibility of ceiling effects. Previous studies of colloid cyst patients have relied heavily on the Recognition Memory Test (RMT; Warrington, 1984) , a forced-choice task comprising 50 words and 50 faces in which the test phase follows immediately after presenting the stimuli. Possible limitations of this test have been described (Kapur, 1987) , and it has been suggested that placing a 24-hr delay between stimuli presentation and the test phase provides a more sensitive test (Reed & Squire, 1997; Squire & Shimamura, 1986) . This extended retention interval, which has not previously been used in studies of fornix pathology, was adopted in the present study.
Method

Participants
Approval for this study was provided by a Multi-Centre Research Ethics Committee (MREC). All participants gave their informed consent before inclusion in the study.
Case DN
DN is a right-handed male who left school at age 16 and was 25 at the time of surgery (2002) . DN was working as a gardener when he presented at hospital after a flurry of epileptic fits. DN had no prior history of neurological disorders. DN was hospitalized and an MRI scan showed a moderate-sized cavernous angioma lying in the anterior horn of the left lateral ventricle. In the left hemisphere it involved the head of the caudate nucleus and extended down to the most posterior aspect of the gyrus rectus. Both fornices were distorted and compressed by the angioma. The patient's father reported that DN had experienced memory loss for the 2 days before hospitalization but DN did not report any memory problems once he had been admitted. Before surgery, DN was seen by the first author for an initial assessment of his memory.
Fifteen days after his initial admission to hospital, DN underwent a left frontal image-guided craniotomy. As far as could be judged, total macroscopic removal of the angioma was achieved. Apart from developing pyrexia after the operation, which was treated with antibiotics, the patient recovered well after surgery and was discharged on the seventh postoperative day. DN returned to work as a gardener and has continued to work since the operation. Neuropsychological testing recommenced 8 months after surgery and structural magnetic resonance images were acquired 26 months postsurgery.
Control Participants
Neuropsychological assessments. When available, published normative data were used to assess the patient's performance on tests. However, a specific control group was used for the RMT (Warrington, 1984) with a 24-hr delay between sample and test as this was the only test for which normalized data were not available. The participants were age and gender matched (see Table 1 ).
MR Imaging
Ten participants, of whom seven were male, underwent MR scanning to provide volumetric comparisons using identical protocols to those used for DN. Although the mean age of these participants was slightly older than DN, this difference was not significant (t ϭ 1.21, p Ͼ .2; mean age ϭ 37.3 years; range 24 -47 years). The participants gave fully informed written consent and were free of neurological or psychiatric disorders. Note. The test phase for both words and faces was given 24-hrs after the study phase.
Postsurgery MRI Assessments of Neuropathology Image Acquisition
Images of the brain were acquired using a 3T Siemens TRIO whole body imaging system (Siemens Medical Solutions, Erlangen, Germany). A block of 72 coronal T1-weighted image slices of 0.8 mm thickness were obtained using a 3D thin slice Magnetisation Prepared Rapid Gradient Echo (MPRAGE) pulse sequence (TR ϭ 2,040 ms, TE ϭ 5.57 ms, T1 ϭ 1,100 ms, flip angle (FA) ϭ 8°, acquisition time ϭ 11 min/47 s). The field of view of the images was 256 ϫ 256 mm. Slice prescription was performed coronally, along the length of the fornix. In addition, an isotropic MPRAGE volume scan (TR ϭ 1,960 ms, TE ϭ 4.43 ms, T1 ϭ 1,100 ms, FA ϭ 8°, acquisition time ϭ 8 min/23 s) was acquired providing 172 contiguous coronal slices having a slice thickness of 1 mm, which was used for the measurement of the medial temporal lobe, prefrontal cortex, hemispheres, and lateral ventricles. A further MRI sequence was employed as a method of normalizing the data for differences in head size across participants. This sequence was a T2-weighted intracranial volume (ICV) scan, parameters were TR ϭ 3,000 ms, TE ϭ 102 ms, FA ϭ 150°, 3 mm slice thickness, 10 mm slice gap, acquisition time ϭ 2 min. The field of view of the images was 220 ϫ 220 mm.
Volume Estimation
Unbiased estimates of structure volume were obtained using the Cavalieri method of modern design stereology in combination with point counting techniques (Cruz-Orive, 1989 , 1993 Garcia-Fiñana, Cruz-Orive, MacKay, Pakkenberg, & Roberts, 2003) with the use of EasyMeasure Software (easymeasure.co.uk). The Cavalieri method functions by taking the total section area of a compartment and multiplying it by the section interval (or slice thickness) to estimate the volume of the compartment without bias (Gunderson & Jensen, 1987) . The volume of the structure was estimated by counting the number of points falling inside the region of interest and multiplying the total number of points by area per point, to provide an unbiased estimate of the section area. The points were summated in EasyMeasure software to provide an unbiased volume estimate of the structures, which also included the associated coefficient of error (CE). This measure takes into account the error introduced into the measurement procedure by slicing the structure of interest, and the point counting procedure.
An overall fornix volume was obtained by manually segmenting out the structure from the surrounding tissue (BrainVoyager software, Brain Innovation, Maastricht, The Netherlands) according to prescribed landmarks (Bilir et al., 1998; Kuzniecky et al., 1999; Zahajszky et al., 2001) . With the exception of the mammillary bodies, all volume estimates came from the 1.0 mm volume scans. Anatomical delineations for the medial temporal lobe structures have been published elsewhere (Ashtari, Barr, Schaul, & Bogerts, 1991; Cook, Fish, Shorvon, Straughan, & Stevens, 1992; Insausti et al., 1998; Pruessner et al., 2002; Howard, Roberts, García-Finana, & Cowell, 2003) .
Presurgical Neuropsychological Assessment
Diagnostic MRIs showed a moderate-sized cavernous angioma lying in the anterior horn of the left lateral ventricle causing distortion and compression of both fornices. Six days before surgery DN was tested on the National Adult Reading Test (NART; Nelson, 1982) and the Controlled Oral Word Association Testshort form (COWAT; Benton & Hamsher, 1989) . The latter test assessed verbal fluency and required subjects to produce as many words as they could, beginning with the letters F, A, and S, one at a time for 1 minute each. DN's memory was assessed with one of the two immediate and delayed logical memory components of the Wechsler Memory Scale-Revised (WMS-R; Wechsler, 1987) and the Doors and People Test of Recall and Recognition (Baddeley, Emslie, & Nimmo-Smith, 1994) . This test comprises two subtests of recall ('People,' "Shapes") and two of recognition ('Doors,' "Names"). As a consequence, each test has both a verbal and visual subtest.
Postsurgical Neuropsychological Assessment (Presented by Time Postsurgery) WMS-III, WAIS-III, WTAR, FAS, RMT-Immediate (8 Months)
DN was initially tested on the Wechsler Memory Scale-Third Edition (WMS-III; and Wechsler Adult Intelligence Scale-Third Edition (WAIS-III; . DN was also tested on the Wechsler Test of Adult Reading (WTAR; Wechsler, 2001 ) to obtain a predicted premorbid IQ. To assess DN's postsurgery recognition memory he was tested on the RMT (Warrington, 1984) and verbal fluency was assessed using the COWAT-short form (Benton & Hamsher, 1989) .
Doors and People Test, Adult Memory and Information Processing Battery (AMIPB), Hayling and Brixton Tests of Dysexecutive Syndrome (20 -21 Months)
Twenty months postsurgery DN was tested again on the Doors and People Test of Recall and Recognition (Baddeley et al., 1994) . Although readministration of this test provides a direct comparison with preoperative performance it was necessary to repeat the same test stimuli, so potentially compromise the test's sensitivity. DN was also tested on the Adult Memory and Information Processing Battery (Coughlan & Hollows, 1985) that provides a diverse array of recall tests. Executive function was assessed using the Hayling and Brixton tests of dysexecutive syndrome (Burgess & Shallice, 1997) .
Remember/Know (32 Months)
The Remember/Know procedure (Tulving, 1985; Yonelinas & Jacoby, 1995) was used to assess the two putative components within recognition memory: recollection and familiarity. The details of the specific test procedures have been reported previously (Yonelinas et al., , 1998 . The participant first heard 25 words and indicated how many syllables were in each word (i.e., the shallow encoding condition) and then heard 50 additional words and rated the pleasantness of each word using a 6-point scale (i.e., the deep encoding condition). This was followed by another 25 words encoded under the shallow encoding instructions. A recognition test was given immediately afterwards in which subjects heard the 100 studied words intermixed with 50 novel foils. The participant was asked to indicate if each word was remembered, familiar but not remembered, or new. A remember response was to be given if he could recollect something specific about the moment they studied the word, such as what he thought about, what judgment he made about the word or his initial reaction to the word. A familiar response would be appropriate if the participant thought the word was studied earlier but could not recollect any specific details about the study event. Finally, if the participant did not think that the word was studied earlier, a new response was to be given. A sheet of test instructions was available for referral throughout the test period. For the first 20 test items and for several items throughout the rest of the test the participant was required to explain why a particular response was made.
RMT-Delayed, Autobiographical Memory Interview, WMS-R (4 to 4.5 Years)
DN's recognition memory was again assessed using the Warrington Recognition Memory Test (Warrington, 1984) , with the same target items and foils, but this time with a 24-hr delay between the study phase of the faces and names, and the subsequent forced-choice recognition test. The unusually long retention interval helped to address the potential criticism that standard tests of recognition might be relatively easy, and so prone to ceiling effects. The use of a 24-hr retention interval for recognition tests modeled on the Warrington Recognition Memory Test has been adopted by Squire and his colleagues (e.g., Squire & Shimamura, 1986; Reed & Squire, 1997) , and so we repeated this method but used the actual RMT stimuli and published instructions (Warrington, 1984) . As it was over 3 years since DN had seen the same test stimuli it was assumed that his scores would not be aided by this experience. Indeed, a case could be made that the repeat might make the task harder as both targets and foils could potentially be familiar.
During the same session DN's autobiographical memory was tested using the Autobiographical Memory Interview (Kopelman, Wilson, & Baddeley, 1990) , which is designed to assess patients' memories of facts about their past life as well as specific incidents and events from childhood, early adult life, and recent events. This test and the RMT (Warrington, 1984) were administered 4 years postsurgery.
Finally, DN was tested with the full WMS-R (Wechsler, 1987) to assess the stability his memory impairment (4.5 years postsurgery). DN had been previously given one of the two passages of the logical memory component immediately before surgery and so this passage had to be reused.
Results
Analysis of Neuropathology
Descriptive DN's cavernous angioma was situated in the anterior horn of the left lateral ventricle and involved the head of the caudate nucleus and extended down to the most posterior aspect of the gyrus rectus in the left hemisphere. The placement of the angioma had caused both fornices to be distorted and compressed. The frontal approach taken in the surgery resulted in damage to the left premotor cortex (see Figures 1 and 2 ). The head of the caudate nucleus, the anterior commissure, the bed nucleus of the stria terminalis, the vertical limb of the diagonal band of Broca, nucleus accumbens and were all partially damaged in the left hemisphere. Damage to the septum appeared complete in the left hemisphere and considerable in the right hemisphere. The precommissural fornix was completely severed on the left. There appeared to be some very limited sparing of the precommissural fornix on the right, with the tract looking abnormally thin and distorted. There was clear evidence of postcommissural fornix damage in both hemispheres although a small proportion of the fibers seemed to be spared bilaterally.
Volumetric Analysis
Structural scans were acquired 26 months postsurgery. It was found that DN had an unusually small intracranial volume (966 cm 3 , see Table 2 ). For this reason, the structural measurements are given both as actual volumes and as normalized measurements (using intracranial volume, ICV), though the latter are probably the more informative in view of his ICV. Both sets of measurements were analyzed using a t test modification advocated by Crawford and Howell (1998) , which is preferred when comparing an individual's score against a small population. When ICV was taken into account no significant differences in volumes were found for any of the structures of interest in either hemisphere (smallest p ϭ .132, left orbito-medial prefrontal cortex). Using actual volumes, DN's measurements were significantly smaller than the slightly older comparison group for the right (t ϭ 3.13, p Ͻ .05, two-tailed) and left temporal lobe (t ϭ 2.68, p Ͻ .05, two-tailed), and the left entorhinal cortex (t ϭ 2.69, p Ͻ .05, two-tailed). No other differences were significant. At first sight, it might seem surprising that there was no significant reduction in overall fornix volume, despite the clear damage to this structure. In fact, surgical transection of the fornix does not cause atrophy in that part of the tract caudal to the damage, that is, closer to the hippocampus (Saunders & Aggleton, 2007) . As the fornix damage in DN was at the very rostral limit of the tract, the lack of change in overall volume is not remarkable given the current resolution for such tracts.
Presurgical Neuropsychological Assessment
DN correctly pronounced 17 words on the NART (Nelson, 1982) giving him a predicted full-scale IQ of 100. On one short story recall test (taken from WMS-R; Wechsler, 1987) DN scored 6/25 on immediate recall (3rd percentile when scaled for both tests) and 2/25 on delayed recall (4th percentile when scaled for both tests).
On the COWAT word fluency test (Benton & Hamsher, 1989 ) DN produced 34 words (F ϭ 14, A ϭ 8, S ϭ 12; 25-75th percentile). On the Doors and People Test given before surgery DN scored 24/36 on recall of People (10-25th percentile) and 28/36 on recall of Shapes (5th-10th percentile), and scored 18/24 on recognition of Doors (25th percentile) and 21/24 on recognition of Names (75th percentile). DN scored 10/12 (50th percentile) on a delayed test of People recall and 8/12 (Ͻ0.2th percentile) on the delayed Shape recall test.
Postsurgical Neuropsychological Assessment (Presented by Time Postsurgery) WMS-III, WAIS-III, WTAR, FAS, RMT-Immediate (8 Months)
DN's scores on the subtests of the WAIS-III ) are given in Tables 3 and 4 . DN performed within the normal range on all the subtests apart from Digit Symbol-Coding and Digit Span (see Table 3 ). His overall IQ scores (FSIQ ϭ 86) were within the "low average" range (see Table 3 ).
All DN's scaled-scores on the subtests of the WMS-III (Wechsler, 1997) were at least 1 standard deviation below the mean (i.e., less than 7) except for Immediate Face Recognition and LetterNumber Sequencing. All DN's memory indices, except for Immediate Visual Memory (that includes Face Recognition) and Working Memory, were equal to or below the 5th percentile and significantly lower than would be predicted on the basis of his WAIS Full-Scale IQ (see Table 4 ).
For the Wechsler Test of Adult Reading Test (WTAR, Wechsler, 2001 ) DN correctly read 31 words, giving a predicted fullscale IQ of 94, slightly higher than his actual WAIS-III score of 86. From his WTAR score DN had a predicted general memory score of 98, which once again was significantly higher than his actual general memory score of 67. On the COWAT word fluency test (Benton & Hamsher, 1989 ) DN produced 41 words (F ϭ 15, A ϭ 10, S ϭ 16; 77-89th percentile).
When tested on the RMT (Warrington, 1984) , where the recognition memory test immediately followed the end of the sample phase, DN scored 50/50 on words (90th percentile) and 43/50 on faces (50th percentile).
Doors and People Test, Adult Memory and Information Processing Battery (AMIPB), Hayling and Brixton Tests of Dysexecutive Syndrome (20 -21 Months)
On the Doors and People Test (Baddeley et al., 1994 ) DN scored 30/36 (50-75th percentile) on recall of People, 30/36 (10-25th percentile) on recall of Shapes, 15/24 (5-10th percentile) on recognition of Doors, and 21/24 (75th percentile) on recognition of Names. On the delayed tests, DN scored 10/12 (50th percentile) on recall of People and 11/12 (37th percentile) on recall of Shapes. Damage also just extends to involve the right fornix (that is otherwise normal at that level), involves the septum, part of the head of the caudate nucleus and lentiform nucleus and anterior limb of the internal capsule. More posteriorly, the left fornix is normal (d).
DN was tested on Form 1 of the AMIPB (Coughlan & Hollows, 1985) . At the bottom end of the scale, scores are only given as less than the 10th percentile so when DN's scores fall below this they are also reported as z-scores (Coughlan & Hollows, 1985) . DN's scores are given in Table 5 . For the list-learning task a 15-word list was presented five times and DN scored 5, 7, 9, 8, 10 on each consecutive presentation. On the design, learning the design to be produced was also presented five times, out of a maximum of 9, DN scored 2, 4, 4, 7, 6 on each consecutive presentation. On all six tests of learning and recall (see Table 5 ), DN's scores were at least 1.65 standard deviations below the listed norms. This can be contrasted with his normal performance on the information processing tasks.
DN's frontal function was assessed using the Hayling and Brixton tests of dysexectuive syndrome (Burgess & Shallice, 1997 ). DN's overall scaled score on the Hayling Sentence Completion Task was 5 (Moderate Average) whereas his scaled score on the Brixton Spatial Anticipation Test was 8 (Good).
Remember/Know (32 Months)
In terms of overall detection of previously presented stimuli, DN performed well on this task as his hit rate was 0.9 and his false alarm rate was 0.18 (48/50 for the deep encoding condition and 42/50 for the shallow encoding condition). This can be compared to the control scores (n ϭ 7) from Aggleton et al. (2005) where the mean hit rate was 0.87 Ϯ 0.01 SD and the mean false alarm rate was 0.16 Ϯ 0.11 SD (48.9 Ϯ 0.9 SD for deep encoding and 38.3 Ϯ 7.61 SD for shallow encoding; both scores are out of 50). It should be noted that these data come from participants who were older than DN and had higher IQs so the scores are only provided for approximate comparisons. However, attempts to assess the separate components of DN's recognition memory using this procedure were unsuccessful because of DN's inability to meaningfully classify his responses. When DN was questioned further about his "Remember" responses they did not in fact qualify as "Remember" responses. The patient's inability to subjectively distinguish between the Remember and Know classifications means that the results of this test cannot safely be interpreted in terms of recall and familiarity. This classification problem appears similar to that encountered with the developmental amnesic case Jon (Baddeley et al., 2001) and is likely to be a frequent confound when memory problems are long-standing.
RMT-Delayed, Autobiographical Memory Interview, WMS-R (4 to 4.5 Years)
DN was tested on the RMT (Warrington, 1984) with a 24-hr delay between the sample and test phase (see Table 1 ). Again, using the modified t test suggested by Crawford and Howell (1998) , there was no difference between DN and the age-matched controls on either words (t Ͻ 1) or faces (t ϭ Ϫ1.43, p Ͼ .2). On the faces Test DN outperformed the six control subjects.
On the Autobiographical Memory Interview (Kopelman et al., 1990 ) DN scored in the "acceptable" range on the personal semantic schedule (total 58/63; childhood, 21/21; early adult life, 17/21; recent life, 20/21) but scored in the "definitely abnormal" range on the autobiographical incidents schedule (11/27) and was impaired on all three time periods (childhood, 4/9; early adult life, 4/9; recent life, 3/9). DN was finally tested on the WMS-R (Wechsler, 1987) to assess the stability of his memory impairment. His scores, which are comparable to those from the WMS-III (8-months postsurgery) and therefore show a persistent memory deficit, are presented in Table 6 .
Discussion
The present study concerned a young man who underwent surgery for a cavernous angioma. Assessments of the cognitive effects of the tumor and the resultant surgery revealed a variety of memory deficits that are most likely because of tissue loss in the Figure 2 . Postoperative T2-weighted coronal MR images demonstrate the resection cavity in the anteriomedial basal frontal lobe just anterior to the anterior margin of the 3rd ventricle and involving the inferior anterior aspect of the left caudate head and adjacent internal capsule. Intense hemosiderin staining extends around the resection cavity and along the septum and both anterior forniceal columns. The hemosiderin staining also involves the hypothalamus on the left, medial aspect of the anterior commisure and anterior globus pallidus.
pre-and postcommissural fornix and surrounding septal region. Before surgery, these structures were compromised by the position and size of the cavernoma; after surgery there was additional damage that was attributed to the surgical approach and removal of the tumor. Interest in this case arose for several reasons. First, he showed bilateral damage to the fornix and septum from an etiology rarely described when assessing the impact of pathology to these structures on cognition (Tucker et al., 1988; von Cramon, Markowitsch, & Schuri, 1993; Yasuno et al., 1999) . Second, there was no evidence of ventricular enlargement around the time of testing or at surgery (unlike in many colloid cyst cases), implying that distal regions remained intact. This assumption was supported by detailed volumetric MRI analyses. Third, it was possible to make an initial psychometric assessment immediately before the surgery for his tumor. Fourth, and probably the most notable feature, was his striking preservation of recognition memory after a 24-hr delay in the face of a persistent, anterograde memory impairment.
Before surgery DN showed memory difficulties that were evident for prose recall (WMS-R) but less clear on the Doors and People test (Baddeley et al., 1994) . The position of the angioma in the anterior horn of the left lateral ventricle, which distorted and compressed the fornix and septum bilaterally, presumably contributed to these patchy memory problems. After surgery, it became clear that DN had persistent and reasonably severe deficits on most recall tests of episodic memory. In contrast, his IQ scores were little, if any, affected, nor did he display evidence of frontal cortex dysfunction. DN performed poorly on the Autobiographical Memory Interview, but due to the nature of his pathology it is possible that this does not reflect a retrograde memory impairment per se but is in fact a reflection of long-standing impoverished encoding.
With the occasional exception of tests that were administered repeatedly, DN showed a consistent profile of memory loss. Namely, a deficit on most recall tests of episodic memory that contrasted with relatively intact working memory and recognition memory. This pattern was found across all subtests of the AMIPB (Coughlan & Hollows, 1985) and most subtests of the WMS-III and WMS-R. Consequently, the majority of tests where DN's performance was intact directly taxed recognition (Faces I, WMS-III; Figural Memory, WMS-R) or working memory (Letter-Number Sequence, WMS-III; Visual Span, WMS-R). His abnormally poor (5th percentile) Auditory Recognition Delay index for the WMS-III does not, in fact, represent an exception to this pattern. His low score on this index is a reflection of his poor performance on the first component from which this index is derived. For this, participants are first asked to freely recall information from the logical memory story and then, for the Auditory Recognition Delay Index score, they are asked whether particular statements reflect the gist of the story. Performance on this task would, therefore, rely very heavily on recall and is not a true test of recognition.
The severity of DN's memory loss can be appreciated by comparing DN's performance on the WMS-R to a much older group of 16 amnesics, mainly alcoholic Korsakoffs, used to assess the sensitivity of the WMS-R (Butters et al., 1988 ). DN's index scores for General Memory (66) and Delayed Recall (75) can be compared with their mean scores of 72 and 57, respectively. DN's somewhat higher Delayed Recall index probably reflects his slightly milder memory impairment and his younger age. Although Table 2 Volume his Visual Memory Index (91) appears preserved this scores is partially derived from tests of recognition (Figural Memory), on which he performed well. It is likely that damage to the fornix and septum was the principal cause of the memory deficits shown by DN. The fornix has a unique, strategic position, linking the medial temporal lobe with the diencephalon, basal forebrain, ventral striatum, and prefrontal cortex. The large majority of the medial temporal lobe efferents in this tract emanate from the hippocampal formation, including the subiculum and presubiculum (Rosene & Van Hoesen, 1987; Saunders & Aggleton, 2007; Swanson & Cowan, 1977) . The fornix also conveys projections to the medial temporal lobe, the majority of which arise from the medial septum (Saunders & Aggleton, 2007) . Although damage centered in the septum has been shown to be sufficient to disrupt memory performance (von Cramon, Markowitsch, & Shuri, 1993) , it is possible that the impact of the septal damage in DN need not be additive to that of the fornix damage as its major impact on memory is likely to be via fibers that use this tract. The postsurgical pathology also extended unilaterally into other sites, including nucleus accumbens, head of the caudate nucleus, and additional parts of the basal forebrain (e.g., vertical limb of the diagonal band). Despite this further damage, two factors strongly suggest that the fornix/septal damage was the key cause of the memory loss. First, unlike these other regions, the damage to the fornix and septum was bilateral. The septal damage was seemingly complete in the left and con- siderable in the right hemisphere. Likewise, the precommissural fornix seemed absent on the left with only the most lateral strip surviving on the right, whereas there was at least partial bilateral damage to the postcommissural fornix. Given his largely equivalent pattern of memory loss for both verbal and nonverbal material it seems most likely that the critical site suffered bilateral damage implicating the fornix and septum. In addition, partial damage to the basal forebrain in macaques appears insufficient to induce mnemonic impairments (Aigner et al., 1991) , indeed basal forebrain damage is most often linked to changes in attention (Baxter & Chiba, 1999) . Finally, most of the other sites suffering unilateral damage (e.g., diagonal band and nucleus accumbens) have hippocampal connections via the fornix (Aggleton, Friedman, & Mishkin, 1987; Saunders, Mishkin, & Aggleton, 2005) . Thus, it may well be that any additional impact on memory from this damage was subsumed by the fornix pathology. Historically, there has been some dispute over whether fornix pathology is sufficient to induce anterograde amnesia (Gaffan & Gaffan, 1991; Garcia-Bengochea & Friedman, 1987; Woolsey & Nelson, 1975) but in recent years evidence for the importance of this tract has become much stronger. Studies into the impact of surgical removals of colloid cysts, benign cysts found in the 3rd ventricle, have consistently implicated fornix damage as a cause of amnesia (Aggleton et al., 2000; Gaffan & Gaffan, 1991; Hodges & Carpenter, 1991; McMackin et al., 1995) . Interpretation of these studies is, however, complicated by the typical presence of obstructive hydrocephalus, at least at the time of surgery. Interpreting previous reports of memory loss associated with fornix damage caused by tumors other than colloid cysts has been compromised by additional damage to the thalamus (Tucker et al., 1988; Yasuno et al., 1999) , the hippocampus (Tucker et al., 1988) , the hypothalamus (Calabrese et al., 1995) , the cingulum bundle (von Cramon & Schuri, 1992) , previous subarachnoid hemorrhages (Heilman & Sypert, 1977) , and the need to use multiple surgical approaches to remove the tumor (Calabrese et al., 1995) . DN, therefore, adds further support to the importance of the fornix as he shows no evidence of pathology in these sites, that is, the fornix becomes the common site of pathology in all of these diverse conditions. Another group of patients who show some similar pathology to DN (i.e., damage to the septum/basal forebrain), are those who have suffered from aneurysms of the anterior communicating artery. Although memory impairments are associated with this etiology they are often co-occur with confabulation, dysexecutive, and personality changes, as well as more diffuse damage extending to the striatum and/or ventral frontal cortex (for a review see DeLuca & Diamond, 1995) . As DN shows no evidence of a dysexecutive syndrome, personality changes, or confabulation close comparisons with this group of patients are difficult to make (although see Hanley, Davies, Downes, & Mayes, 1994; Hanley et al., 2001) .
In some, but not all, descriptions of the memory loss accompanying fornix damage is the finding of a relative sparing of recognition memory. This sparing has been taken as support for those dual-process models of recognition that assume that damage to the extended hippocampal system largely spares familiarity-based recognition but impairs recollective-based recognition (Aggleton & Brown, 2006; Carlesimo et al., 2007) . Direct evidence to support the dual-process model of recognition has been obtained using tasks such as Remember/Know and Receiver-Operating Characteristics (for a review see Yonelinas, 2002) . However, both of these tests are based on subjective decisions and require the participant to have a clear understanding of the task demands. In patient DN, attempts to dissociate the two proposed components of recognition memory using Remember/Know were unsuccessful because of a lack of understanding of what comprised a "Remember" response. This is a similar problem to that encountered with the developmental amnesic case Jon (Baddeley et al., 2001) , suggesting that this may not be a suitable method to dissociate these processes in patients with memory problems from childhood. This is pertinent for DN as the position and nature of the tumor show that his memory problems were probably long-standing, raising the question of how he could validly categorize "Remember" and "Know" decisions. Despite DN's inability to properly distinguish Remember and Know responses, he was able to correctly recognize 90% of the previously presented words on this task. There is, to date, only one other study where these two components of recognition memory were examined in a patient with fornix damage; this study made use of stimuli that were specific to the patient's personal/semantic history (Gilboa et al., 2006) . It was found that the patient's recognition memory for semantic personal history was supported by familiarity but not recollection (Gilboa et al., 2006) .
One criticism of the dual-process model is that examples of "spared" recognition memory in cases with impaired recall might be an artifact as recognition tests are often relatively easy and, thus, confounded by ceiling effects. Preserved performance on the RMT in patients with anterograde amnesia has been reported following various aetiologies including hypothalamic glioma (Parkin & Hunkin, 1993) and anterior communicating artery aneurysm (Hanley, Davies, Downes, & Mayes, 1994; Hanley et al., 2001) , although the issue of task difficulty makes these cases harder interpret. To preclude ceiling effects, task difficulty can be increased by lengthening retention delays. Squire and colleagues (e.g., Reed & Squire, 1997; Squire & Shimamura, 1986 ) have accordingly used a recognition memory test based on the RMT (Warrington, 1984) , but with a 24-hr retention delay as a means of increasing task sensitivity; this approach was used in the present study. Although the stimuli used by Squire and colleagues are not the same as those in the actual RMT (Squire & Shimamura, 1986) , the performance of their 50-year-old controls and those of the controls in the present study are very similar (words ϭ 41.1 vs. 40.7 in present study, faces ϭ 38.1 vs. 39.7 in present study; see Squire & Shimamura, 1986) . This comparability underlines the impressive performance of DN on the task with 24-hr delay (words ϭ 41, faces ϭ 47), in the face of his very clear recall deficits.
The present study strongly indicates that damage to the fornix and surrounding septal areas can produce persistent memory impairments that are still evident more than 4 years after surgery. The stability of DN's memory deficit is reflected in the consistent general memory indices from the WMS-III and WMS-R, despite being administered almost 4 years apart. Probably the most striking feature of DN's mnemonic profile was his preserved recognition performance after a 24-hr delay. The dissociation between DN's intact RMT scores and his ongoing deficits on most tests of recall of both verbal and nonverbal material remains extremely difficult to reconcile with those theories that assume the inextricable linkage of recall and recognition memory after hippocampal
